Vision is one of the most important modalities for the remote perception of biologically important stimuli. Insects like honeybees and bumblebees use their colour and spatial vision to solve tasks, such as navigation, or to recognise rewarding flowers during foraging. Bee vision is one of the most intensively studied animal visual systems, and several models have been developed to describe its function. These models have largely assumed that bee vision is determined by mechanistic hard-wired circuits, with little or no consideration for behavioural plasticity or cognitive factors. However, recent work on both bee colour vision and spatial vision suggests that cognitive factors are indeed a very significant factor in determining what a bee sees. Individual bumblebees trade-off speed for accuracy, and will decide on which criteria to prioritise depending upon contextual information. With continued visual experience, honeybees can learn to use non-elemental processing, including configural mechanisms and rule learning, and can access top-down information to enhance learning of sophisticated, novel visual tasks. Honeybees can learn delayed-matching-to-sample tasks and the rules governing this decision making, and even transfer learned rules between different sensory modalities. Finally, bees can learn complex categorisation tasks and display numerical processing abilities for numbers up to and including four. Taken together, this evidence suggests that bees do have a capacity for sophisticated visual behaviours that fit a definition for cognition, and thus simple elemental models of bee vision need to take account of how a variety of factors may influence the type of results one may gain from animal behaviour experiments.
Introduction
An interesting recent perspective on insect vision raised the hypothesis that the apparent 'mysterious cognitive abilities' of honeybees are derived solely from anthropomorphic misinterpretation of results (Horridge, 2009b) . In particular, the thesis of this Commentary is that insect vision is only mediated by lowlevel feature detectors that combine to create elemental cues (Horridge, 2000; Horridge, 2009a; Horridge, 2009b) . The coincidence of these cues is remembered as a retinotopic label for a particular image, and bees generalise between stimuli containing similar cues. This perspective on how an insect sees and interacts with its environment has been recently reviewed in detail, and specifically excludes any possibility that insects have cognitive inputs that influence perceptual outputs in the visual modality (Horridge, 2009a; Horridge, 2009b) . However, there is a growing body of new evidence, reviewed below, that cognitive factors may influence how individual insects perceive their visual environment, and this evidence was overlooked in some previous and influential models of insect vision (Backhaus, 1991; Backhaus et al., 1987; Horridge, 2000; Horridge, 2009a; Horridge, 2009b) . In this current review visual cognition is defined as an ability to learn, retain, classify and process visual information (Dukas, 2004; Shettleworth, 2001 ) in a sophisticated way that is not predicted by simple mechanistic or elemental responses to stimuli. For example, simple elemental processing based on visual cues (Horridge, 2009a; Horridge, 2009b) does not predict that a bee can use previously acquired information to solve novel tasks, nor that a bee can categorise similar novel stimuli based on image interpolation, nor that bees can use information acquired in the visual domain to solve novel tasks presented to a different sensory modality. In this review evidence for potential cognitive behaviours by bees is described, and a brief outline of training methodologies and subsequent interpretations of results is presented. Finally, pathways for future investigations are outlined, to more fully reveal how miniature brains enable individual insects to successfully function within their environment.
Individual learning in bees and evidence of cognitive input into colour decision making
To understand why cognition is potentially important to consider as a factor in understanding bee vision, it is first essential to understand how and why bees interact with their environment in a way that makes it possible to collect behavioural data to test hypotheses about visual processing. This review will be confined to visual learning in two principal species: the honeybee (Apis mellifera Linnaeus), and the bumblebee [Bombus terrestris (Linnaeus)]. These 'bees' are: (i) currently the best studied hymenopteran bee models, (ii) very important pollinators from an ecological and economic standpoint, (iii) social and live in colonies with many individuals, and (iv) central place feeders where forager bees leave their hive to collect nutrition in the form of nectar and pollen from flowers, and on their return contribute this nutrition to the entire colony. The foraging pattern of bee populations means that an individual bee may make many sorties a day to collect rewards. By comparison, motivation in most other animals declines sharply once satiated, rendering them unavailable for extended experiments. An individual free-flying honeybee can be recruited to a test site where it is marked for easy identification and rewarded with a sucrose solution that reliably substitutes for nectar but does not provide an olfactory cue (Frisch, 1967) . After the bee imbibes a full crop [stomach of the bee (Winston, 1987) ] of sucrose it returns to the hive and contributes this nutrition to a central food store. The bee then returns to a profitable feeding site. Once the bee learns to reliably return to the test site every 2-3min, it can then be trained and subsequently tested with a variety of target, distractor and/or novel transfer stimuli. Because of this recurrent cycle of foraging and deposit, individual bees have an extensive opportunity to learn within an experiment, and large amounts of data can be obtained from each forager bee studied, yielding robust insights into animal behaviour. This method of recruiting bees is applicable to visual learning tasks in a number of contexts and allows for a great deal of experimenter control over the specific paradigm. Among other examples, visual stimuli can be presented in a Y-maze apparatus (Fig.1 ) to control for visual angle (Avarguès-Weber et al., 2010a; Avarguès-Weber et al., 2010b; Horridge, 2009b; or on a vertically presented rotating screen to enable extended learning opportunities where a bee can make many independent decisions (Avarguès-Weber et al., 2010b; Dyer and Vuong, 2008) . Alternatively, natural foraging situations can be simulated with flight arenas (Dyer and Chittka, 2004c; Spaethe et al., 2001) .
While the researcher may want and expect test bees to consistently perform at the limit of their sensory capacity, so that it is possible to collect reliable data to reveal underlying mechanisms, for free-flying bees, the relevant factor that is of biological value is the amount of nutrition that they collect per unit time (Burns, 2005; Burns and Dyer, 2008) . Thus, it is important to consider the potential cognitive influences on decision making that may influence bee behaviour for choosing stimuli whilst trying to collect nectar. For example, one type of visual problem that bees must solve is discriminating between very similar colours (Dyer and Chittka, 2004a; Lehrer, 1999) . Colour is an interesting stimulus to investigate bee vision with because perceptual difficulty between target and distractor stimuli can be reliably specified in numeric terms using colorimetry (Chittka, 1992; Chittka and Wells, 2004; Dyer and Chittka, 2004a; Dyer and Chittka, 2004b; Lehrer, 1999; Vorobyev and Brandt, 1997) , and it is known that both bumblebees (Dyer and Chittka, 2004c) and honeybees (Giurfa, 2004 ) learn a particular target colour very differently depending upon either absolute or differential conditioning (Fig.2) . In absolute conditioning only a target colour is present, and while this allows bees to learn how to discriminate the target from dissimilar colours, similar colours are generalised; in differential conditioning both target and distractor stimuli are present, and in this case the bee brain learns to make very fine colour discriminations depending upon the level of visual experience (Dyer and Chittka, 2004c; Giurfa, 2004) . These experiments show that bees exhibit behavioural flexibility, and a possible neural mechanism underpinning behavioural flexibility is that different chromatic pathways in the bee brain can be tuned depending upon the level of experience an individual bee receives with stimuli .
For a difficult colour discrimination task of 0.012hexagon colour units (Dyer and Chittka, 2004a ), Chittka and colleagues trained and tested individual bumblebees with differential conditioning to choose between a target colour rewarded with 2moll -1 of sucrose solution and a distractor colour that only provided plain water (Chittka et al., 2003) . Interestingly, for this visual problem there was a significant linear correlation between the amount of time that individual bees allocated to the task and their subsequent accuracy. Traditionally, most behavioural tests evaluating bee vision defined the level of accuracy as the mean of this group performance. However, when the experimenters then changed the experiment 'rules' for the bees by penalising incorrect choices with a bitter tasting quinine hemisulphate solution, the bees significantly increased both the amount of time allocated to making a decision and their accuracy (Chittka et al., 2003) . Importantly, this effect could be reversed (Chittka et al., 2003) , suggesting something fundamental about studying animal behaviour with bees; individuals can make sophisticated decisions about 'rule changes' and the level of performance required in a particular context. It is thus not possible to expect individuals to always perform at the limit of what their sensory apparatus might allow; the sophisticated decision making of the bee often underpins the accuracy that a bee displays in a particular experiment (Avarguès-Weber et al., 2010a; Chittka et al., 2003) . Modelling of speed-accuracy behavioural data shows that in some cases, when considering the biologically relevant metric of the amount of nutrition collected per unit time, fast bumblebees outperformed accurate bumblebees (Burns, 2005) . Behavioural experiments on honeybees have since shown that it is beneficial for social bees to have a mix of individuals within a colony with different 'accuracy' strategies to help manage the different distributions of rewarding and non-rewarding flowers that might occur in natural conditions throughout the year (Burns and Dyer, 2008) . Other work on bumblebees reveals that individuals have the capacity to modulate response time, dependent upon the perceived difficulty (Dyer and Chittka, 2004b; Dyer et al., 2007) or even danger (Ings and Chittka, 2008) involved with a colour discrimination task. This reversible and sophisticated decision making by bumblebees for perceptually similar-coloured stimuli is strong evidence of cognitive behaviour as it shows that bees can learn stimuli, retain the information and subsequently make decisions to classify what type of stimuli should be visited in what context. This rich behaviour that has been observed in bees can have very significant effects on the design and interpretation of animal behaviour experiments (Chittka et al., 2003; Chittka et al., 2009) .
Honeybees also make sophisticated decisions about the level of accuracy required to efficiently collect nectar from stimuli, and in A. G. Dyer Fig.1 . A Y-maze apparatus that can be used to present stimuli at a fixed visual angle. The bee should make a decision from within the decision chamber, but for perceptually difficult tasks it may be necessary to constrain the bee in the decision chamber in order to avoid speed-accuracy trade-offs introducing false negative results because individual bees may elect to go faster and randomly sample stimuli rather than slow down and be accurate. particular will only learn perceptually difficult colour visual tasks if incorrect choices are penalised with an appetitive-aversive differential conditioning protocol; while for perceptually easy tasks bees learn to make discriminations independent of an aversive conditioning agent like quinine hemisulphate (Avarguès-Weber et al., 2010a) . A plausible explanation for this finding is that with differential conditioning bees develop attention-like mechanisms to enable discrimination between similar target and distractor stimuli (Avarguès-Weber et al., 2010a; Giurfa, 2004) . However, clear experimental evidence to show that attention to stimuli following differential conditioning can be disrupted for fine discrimination tasks is currently not available. Despite the current absence of the specific mechanism(s) that mediate how bees make decisions for perceptually difficult tasks, the results from both bumblebee and honeybee behavioural experiments with colour stimuli clearly show that cognitive factors do significantly influence to the type of result an experiment will produce from free-flying bees (Skorupski and Chittka, 2011) .
Evidence of cognitive input into decision making for pattern vision
The evidence in the previous section suggests that individual experience is important for how bees learn target stimuli, and experienced bees make complex sophisticated decisions about how to use colour information. This effect of visual experience has also been demonstrated for honeybee spatial vision where there are significant differences between the accuracy with which individual bees discriminate patterns depending upon either absolute or differential conditioning (Giurfa et al., 1999) . Importantly, it has been very well established that by varying the length of training to patterns with differential conditioning, very different levels of discrimination ability are learned by individuals Stach and Giurfa, 2005) . It has also been shown that bees can abstract learned features of a pattern to solve novel visual tasks (van Hateren et al., 1990 ) and even construct representations that combine different parts of the visual field to solve novel tasks (Stach et al., 2004) . This, in conjunction with the findings presented in the previous section, shows that bees demonstrate a remarkable degree of behavioural plasticity depending upon the level of experience that an individual forager has with particular stimuli. This led to the question: 'what type of images can bees discriminate if they have received extensive amounts of differential conditioning?' One way to test this question was to present bees with stimuli that we assume are so complex that it should require a large mammalian brain to process the information. Face stimuli are ideal in this regard as it is a class of stimuli that are reasonably homogeneous (all faces have elemental features of eyes, nose and mouth in similar positions), and mammalian vision is very reliable at recognising upright familiar human faces (Collishaw and Hole, 2000; Kanwisher, 2000; Kendrick et al., 2001; Maurer et al., 2002; Pascalis et al., 2002; Yin, 1969) . By using face stimuli from a standard face recognition test (Warrington, 1996) , it was possible to provide honeybees with appetitive-aversive differential conditioning and observe that they were able to both learn to discriminate between a target and distractor face, and then also recognise the target from novel faces . This finding that bees can recognise faces was then confirmed in a second study, which also revealed that the honeybee visual system can interpolate between learned face viewpoints ( Fig.3 ) to subsequently solve novel viewpoint representations of the face stimuli (Dyer and Vuong, 2008) . Importantly, face viewpoint invariance for rotation, which is the ability to recognise a rotated . Column 1 (absSmall) shows that, with absolute conditioning, bees do not discriminate between similar colours separated by 0.045hexagon units, whilst column 2 (absLarge) shows that, with absolute conditioning, these same bees can discriminate between colours separated by a large colour distance of 0.152hexagon units. Column 3 (diffSmall) shows that these same bees when provided with differential conditioning (see B below) can discriminate between similar colours. Column 4 (Control) shows that an independent control group of bees that was only provided with differential conditioning performs at a similar level of discrimination to the main test group. The horizontal line represents random foraging. (B)Acquisition curve considering differential conditioning to perceptually similar colour stimuli shows that bees that initially failed to discriminate a small colour difference with absolute conditioning can learn the colour difference when both target and distractor stimuli are present during training (N5 bees ± s.e.m.). (C)Differential conditioning forms a longterm memory, as two bees tested were able to repeat the high level of discrimination for a number of days. This suggests that differential conditioning results in a permanent change in the bee brain. Data from Dyer and Chittka (Dyer and Chittka, 2004c) .
and thus novel views of a familiar face, was not possible for bees from control groups that only experienced a single image view (Dyer and Vuong, 2008) . This finding is consistent with a model of visual processing where learned stimulus representations are stored at one level, and higher level processing enables image interpolation (Logothetis et al., 1994; Logothetis et al., 1995; Poggio and Edelman, 1990) . For example, in the primate brain there is evidence that the capacity to process rotated complex stimuli like faces is upstream of initial image representations and in the inferior temporal cortex which may accumulate responses from the population of view-tuned neurons, and thus by summing the responses across different view-tuned neurons the visual system can average neural responses to facilitate recognition of novel views (Perrett et al., 1998) . This level of visual processing in bees, which is more sophisticated than simple elemental type processing, is likely to be of high value for image recognition of natural stimuli like flowers in complex environments (Dyer and Vuong, 2008) . However, these findings of bees recognising face stimuli led to the specific hypothesis that bees use only simple cues to recognise complex patterns like faces (Horridge, 2009a) .
Thus, to test the hypothesis that the capacity of bees to learn face stimuli was due to simple or elemental cues, a series of experiments was conducted with both parameterised stimuli and photographs of real faces (Avarguès-Weber et al., 2010b) . Bees trained with differential conditioning to sets of parameterised stimuli that were either configured into face-like stimuli versus non-face-like stimuli (Fig.4A) were able to build a representation that enabled the correct classification of novel stimuli in transfer tests (Avarguès-Weber et al., 2010b). Importantly, bees were able to correctly recognise the configuration of 'face' even when the stimulus representing a face was roughly drawn and presented versus a stimulus that contained the elemental feature information that was present in the training sets (Fig.4B ). This experiment thus excluded low-level cues like the centre of gravity of the stimulus or the spatial energy distribution facilitating recognition (Avarguès-Weber et al., 2010b) . Bees could only solve these tasks by using information about the relationship between elemental features mediating the difference between target and distractor stimuli. Other experiments, using similar methodology, excluded cues including symmetry, location of local spatial elements or brightness. Finally, experiments with photographs of real face stimuli confirmed that, after differential conditioning, bees were able to bind different face components and thus build a configured representation of how elemental features fit together to provide reliable recognition (Avarguès-Weber et al., 2010b ). This work clearly shows that the hypotheses that bee brains can only use elemental features (Horridge, 2009b) are not correct. Following extended differential conditioning, the miniature brain of a honeybee can learn to use complex spatial information and employ configural processing to recognise face stimuli (Avarguès-Weber et al., 2010b) . This finding is also consistent with previous reports that for differently coloured elements honeybees can learn to use configurations rather than the specific outcome of individual elements (Giurfa et al., 2003) .
This evidence of configural processing in bees has also been extended to show that, with differential conditioning, individual bees can learn a concept in which a known referent element must always have the correct arrangement where a given object is either above or below the referent (Avarguès-Weber et al., 2011b) . Importantly, during these experiments the shape (and/or colour) of the object that was viewed in relation to the referent was changed to exclude lowlevel cues, and bees were subsequently able to pass a transfer test that presented a novel object in the correct location relative to the known referent (Fig.5) . This new experimental work on bee vision indicates that bees are capable of learning to use rules about elemental relationships in spatial vision to solve complex conceptual problems that are not possible using simple elemental-type processing, a cognitive task that was previously assumed to require large primate brains (Chittka and Jensen, 2011) . Does this mean that bees do not use simple mechanisms? A recent study did a comparative evaluation of how honeybees solved a visual task at a novel visual angle depending upon the conditioning of individual bees (Dyer and Griffiths, 2011) . When one group of bees was provided with differential conditioning to the same stimulus pair at A. G. Dyer Bees in Group 1 were trained to a 0deg view and could not subsequently recognise a 30deg view; bees in Group 2 were trained to a 60deg view and could not subsequently recognise a 30deg view. However, when bees in Group 3 were trained to both 0deg and 60deg views, these bees could subsequently recognise a novel 30deg view (by interpolating 0deg and 60deg images). Bees in Group 4 could not recognise a novel presentation of 60deg by extrapolating from learned 0deg and 30deg views. Thus, bees can learn through experience to correctly categorise complex spatial stimuli via a mechanism of image interpolation. For non-significant results (n.s.) P>0.35. Data from Dyer and Vuong (Dyer and Vuong, 2008) .
a constant small visual angle (50deg), the bees could learn this task but failed to correctly recognise the target stimulus at a relatively large visual angle of 100deg. A second group of bees that was provided with differential conditioning to configured stimuli sets that specifically excluded retinoptic matching learned the visual problem in a different way; these bees learned a configural rule and were able to reliably recognise the target stimulus at both the visual angle used during training (50deg) and a novel visual angle (100deg). In this case bees had learned a relationship rule that enabled extrapolation to a visual task that was well beyond the range of variation encountered in the training phase of the experiment. Comparing these two different results from the same study with stimuli of similar configuration suggests that in some cases bees do use a relatively simple retinotopic or elemental-type recognition system, while in other cases their vision is much more complex and consistent with rule-based cognitive visual processing (Dyer and Griffiths, 2011) . Importantly, in both tested experimental conditions, individual honeybees were able to learn configured spatial stimuli at a small visual angle that was predicted not to be possible according to simple elemental models (Horridge, 2009a; Horridge, 2009b) . The reason for this new development in our understanding of insect spatial vision is the use of the appetitive-aversive differential conditioning protocol (Avarguès-Weber et al., 2010a) combined with a modified Y-maze that constrained an individual bee to making a decision at a distance (Dyer and Griffiths, 2011) , which underlines the importance of careful experimental control to understand mechanisms of spatial vision.
Evidence of top-down processing influencing visual discrimination following visual experience
When humans view complex visual information, we can often use prior knowledge to help solve novel difficult tasks, a process that involves top-down processing (Miyashita and Hayashi, 2000) . There is also evidence that prior experience with visual information can be used by the bee brain to solve novel tasks. If bees are trained in a Y-maze apparatus to discriminate between a disc and ring when these stimuli are camouflaged and of the same pattern to the background but presented 6cm in front to potentially allow for motion parallax cues, bees fail to learn the task. However, if a separate group of bees first learns a relatively easy preconditioning task of discriminating a salient black disc and ring when presented on a white background, then this group of bees can next use this initial visual experience to quickly learn to break the camouflage discrimination task described above. Then, bees that have received this initial preconditioning are able to go on and learn new novel camouflage-breaking tasks by using the initial visual experience that they gained (Zhang and Srinivasan, 1994; ). This experimental work shows that bees can classify and use visual information in a sophisticated way that is not expected from a simple elemental response to stimuli by a visual system because the stimuli in the novel tasks are in some cases completely different to the easy salient task, and thus meets the definition for cognition. This work suggests that the bee brain is likely to have multiple levels of visual processing for complex spatial stimuli. Simple elemental processing may happen at an early visual stage and allow for learning of easy or salient stimuli, e.g. it has been suggested that bees possess filters that respond in specific ways to parameters like tangential or radial cues of varying sizes (Horridge, 2000; Horridge, 2005; Horridge, 2009a; Horridge, 2009b) , and there is at least some physiological basis for this idea as orientation-selective neurons have been found in the lobula region of the bee brain (Yang and Maddess, 1997) . However, evidence that prior visual experience can also be used in a topdown-type cascade of information to solve more difficult tasks (Zhang and Srinivasan, 1994; suggests that higher level input from potential visual integration areas of the bee brain like the mushroom body can influence visual perception (Avarguès-Weber et al., 2011a). Interestingly, bees are known to have innate preferences for certain shapes like starshaped flower patterns (Lehrer et al., 1995) , and it will be interesting to investigate if this information can be used to enhance the learning rate for complex natural stimuli like flowers. In other contexts bumblebees also show evidence of top-downtype processing for making sophisticated decisions about visual stimuli (Chittka et is rewarding and one type is not rewarding, there is a peak shift phenomenon where bees will manage this risk of errors by choosing a novel 'dissimilar' colour to which they have actually received no conditioning (Lynn et al., 2005) . Bees thus take account of prior experience with certain stimuli to then make sophisticated decisions about which visual stimuli to choose in subsequent contexts. This type of behaviour requires bees to learn, retain, classify and subsequently process visual information in a sophisticated way that cannot be explained by elemental-type processing.
Evidence of symbolic rule learning
Some of the most impressive evidence that bees have cognitive input into visual processing comes from a variety of clever behavioural studies that used delayed-matching-to-sample-type tasks (Giurfa et al., 2001; . In this type of experiment a sample is presented in a modified Y-maze before a bee enters the decision chamber, then once the bee enters the chamber it must choose between the stimulus just viewed and a distractor. Bees can solve this type of visual task even if a variety of different types of sample stimuli are used, and bees can also be flexible and learn to avoid the sample and choose the different stimulus in a delayed-non-matching-tosample alternative of the task (Giurfa et al., 2001; . There is also evidence of high-level top-downtype processing as bees that learn this type of task using an alternative modality like olfaction can use the learned information or rule to solve a novel task when visual stimuli are presented (Giurfa et al., 2001; Srinivasan et al., 1998; . This type of processing cannot be explained by elemental models of processing because a bee has to first learn a rule using one sensory modality such as olfaction and then in a transfer test immediately apply that rule to a different modality such as colour or spatial vision. As the low-level sensory input to either olfactory or visual processing only converges at the mushroom body, which is considered to be an integration processing unit in bees (Avarguès-Weber et al., 2011a), the ability of highly trained individuals to use multimodal rule learning to influence visual processing suggests a top-down cascade of information that can influence visual decision making. This again is strong evidence of a sophisticated brain-mediating visual processing in bees, and is not consistent with the ideas that visual processing is only determined by low-level elemental processing.
Categorisation of complex visual information by bees
One important capability of the primate visual system is the capacity to categorise stimuli based upon various features and to correctly assign novel stimuli to these categories (Peelen et al., 2009; Sigala and Logothetis, 2002) . For example, the human brain can categorise visual stimuli into distinct groups like animal/nonanimal or vehicle/residence (Peelen et al., 2009; Sigala and Logothetis, 2002) and then assign novel stimuli like car/igloo to the correct categories of vehicle/residence. To perform this task, a visual system must use features that are common to a particular stimulus category, while stimuli within the category can be discriminated from each other (Avarguès-Weber et al., 2010b; Benard and Giurfa, 2008; Benard et al., 2007; Sigala and Logothetis, 2002; . Studies on pattern vision by bees showed that individual bees could learn to use orientation or symmetry as a common property to make correct decisions about novel stimuli (Giurfa et al., 1996; Horridge and Zhang, 1995; Stach et al., 2004) . It has been argued that these studies may not necessarily exclude the possibility that decisions are made by bees using low-level cues that might be mediated by a feature detection model, because neurons that learn to respond to one type of feature (Yang and Maddess, 1997) may simply generalise to other stimuli with similar features (Horridge, 2009b) . However, work on bee categorisation has also used complex groups of natural stimuli including star-shaped flowers, circular flowers, plants and landscapes for which it was shown that these stimuli excluded lowlevel cues, and bees could discriminate between stimuli from within a category. Bees were able to correctly assign stimuli to a category, including novel stimuli in transfer phases of the experiment . More recent work also confirms that complex object categorisation by bees is possible by the visual system learning to allocate the stimuli to groups based upon the relationship between the elements rather that the low-level elemental information (Avarguès-Weber et al., 2011a; Avarguès-Weber et al., 2010b) . As is shown in Fig.4b , bees can correctly use configural information to categorise stimuli even when the distractor stimulus contains low-level elemental cues that are more consistent with the training stimuli sets. Evidence that bees can correctly categorise novel stimuli to groups of learned stimuli also comes from the study discussed above which shows that bees can interpolate learned representations of a face (Dyer and Vuong, 2008) but fail the task if visual conditioning is only to a single viewpoint (Dyer and Vuong, 2008 ). This work clearly shows that visual categorisation of novel stimuli by bees is a sophisticated process and is dependent on prior experience with different stimuli.
Numeric representations for complex visual tasks
One of the main tasks of foraging bees is to fly through complex environments to collect nutrition. The navigational requirements of passing multiple landmarks, and then keeping track of the frequency of a flower being rewarding at a foraging patch, have potentially placed evolutionary pressure on the bee brain to develop some form of capacity for counting (Chittka and Geiger, 1995; Gross et al., 2009) . This is interesting to consider in relation to visual processing and evidence for or against cognitive inputs, as counting is clearly a task that likely requires some form of highlevel conceptual representation in a brain (Dehaene, 1997) . One early study indicated the possibility that honeybees can use a principle of counting to aid in the estimation of distance that should be travelled to find food rewards (Chittka and Geiger, 1995) , and it is known that bees can use multiple strategies for landmark navigation depending upon context (Collett and Zeil, 1997; Vladusich et al., 2005) . In a subsequent study that investigated the capacity of bees to count landmarks that were presented in a flight tunnel it was shown that bees could sequentially count up to four, even though the landmarks themselves were varied to avoid low-level cues like distance or were even novel landmarks in transfer tests (Dacke and Srinivasan, 2008) . A separate study used a delayed-matching-tosample test so that individual bees had to choose stimuli that matched the number of elements in the sample stimulus (Gross et al., 2009) . The experiment was careful to control all low-level cues like colour, edge length and combined area (these were equalised in separate controls), and showed that bees could represent the concept of one versus two elements, two versus three elements and then in novel transfer tests three versus four elements (Gross et al., 2009 ). These studies suggest that bees may count using an exact numeric mechanism (Chittka and Geiger, 1995; Dacke and Srinivasan, 2008; Gross et al., 2009) , and exploring the mechanisms underlying this capacity promises to provide important new insights into the richness of cognitive processing in bees. Importantly in the context of this current manuscript, the ability of bees to count cannot be explained by single elemental models of visual processing, but the behavioural results suggest a sophisticated higher level of visual processing that is consistent with a cognitive input to how experienced bees perceive visual stimuli. Interestingly, the capacity of bees to count appears to be limited to numbers less than five, which has some interesting parallels with the counting capacity of young human children prior to extensive exposure to modern educational rigour (Le Corre and Carey, 2007) .
Concluding remarks
Models of visual processing need to consider the potential individual differences of bees for two main reasons. Firstly, there is now overwhelming evidence that bees trade-off accuracy for speed (Burns and Dyer, 2008; Chittka et al., 2003; Chittka et al., 2009; Dyer and Chittka, 2004b; Ings and Chittka, 2008) , and thus free-flying bees are only likely to perform a perceptually difficult task at close to their limit of capability if a combination of appetitive and aversive differential conditioning is used in an experiment (Avarguès-Weber et al., 2010a; Chittka et al., 2003) . Secondly, the level of visual experience that an individual bee has with particular set of stimuli has a very significant effect on how the bee can solve, or even learn to subsequently solve, novel visual problems Stach and Giurfa, 2005; Zhang and Srinivasan, 1994) . There is thus very strong evidence from a number of independent groups that the visual system of bees has the capacity to use higher level information to guide decisions in a sophisticated way that is not expected from a simple elemental response to stimuli by a visual system. This is very suggestive that bees have an ability to develop a cognitive capacity that can then be used to guide visual decision making (Avarguès-Weber et al., 2011a; . Thus, there appears to be no mystery about the cognitive ability in bees. Data from several experiments show that highly trained and experienced bees exhibit behaviour that is consistent the definition of cognition (Avarguès-Weber et al., 2011b; Chittka et al., 2003; Dacke and Srinivasan, 2008; Dyer and Griffiths, 2011; Dyer and Vuong, 2008; Gross et al., 2009; Ings and Chittka, 2008; Zhang and Srinivasan, 1994) .
It is also possible, indeed likely, that in some cases bees also exhibit behaviours that are more consistent with simple elementaltype processing (Horridge, 2009a; Horridge, 2009b) . These two possibilities about insect vision need not be mutually exclusive, and there is evidence, at least for colour visual processing, that the bee brain may contain multiple separate pathways that facilitate either simple hard-wired behaviours or plasticity for learning how to use more complex stimuli if it is required in a particular context . Behavioural experiments suggest that pattern vision in bees may be mediated by separate mechanisms that include retinotopic matching and/or configural-based rule learning, depending upon the context and level of individual experience of a bee Efler and Ronacher, 2000; Giger and Srinivasan, 1995) . Recent work that has evaluated bee spatial vision using a combination of appetitive and aversive differential conditioning for an extended training period clearly shows that bees can learn a task stated to be impossible according to simple elemental models of bee vision (Dyer and Griffiths, 2011) . This new behavioural work thus shows that models of insect vision based upon simple mechanistic explanations need to be revised to consider how individual differences, experience effects and indeed cognitive influences can significantly affect the results and interpretation of behavioural experiments.
Future work may consider how the evidence of multiple mechanisms for pattern vision (Dyer and Griffiths, 2011; Efler and Ronacher, 2000; Giger and Srinivasan, 1995) and the potential use of top-down processing are managed by the different levels of the bee brain. It will also be of high value to understand the limits of the different visual mechanisms and how bees can best make use of the different mechanisms depending upon context and experience of an individual. This current Commentary presents some strong evidence that bees exhibit behaviours consistent with our current definition of cognition, but currently we know very little about these mechanisms underlying cognitive type behaviour in bees. This promises to be a fruitful area of research in the future.
Glossary

Absolute-differential conditioning
Absolute conditioning is a form of elemental-type processing where a bee learns to collect appetitive rewards for visiting target stimuli in isolation (no perceptually similar stimuli are present during learning). Differential conditioning is a form of elemental-type processing where a bee learns to collect an appetitive reward for visiting target stimuli in the presence of perceptually similar distractor stimuli that present no reward. Appetitive-aversive differential conditioning is where target stimuli present rewards whilst distractor stimuli present aversive substances like bitter tasting quinine solution.
Cognition
Cognition is defined here as an ability to learn, retain, classify and process visual information in a sophisticated way that is not predicted by simple mechanistic or elemental responses to stimuli.
Colorimetry
Colorimetry is the science used to quantify and describe physically the perceptual colour capabilities of a bee or other animal. It combines physiological measurements of bee colour photoreceptor sensitivities, measurements of physical spectra and illumination, as well as behavioural responses of bees to stimuli. For example, 'target' and 'distracter' colour stimuli reflectance properties can be measured with a spectrophotometer and then plotted in a colour space such that the numeric distance between stimuli allows for predictions of the probability with which a bee can discriminate between these respective colours.
Configural processing
Configural processing is where an animal learns complex visual stimuli by taking into account not only the individual components but also the relationships between these components.
Delayed-matching-to-sample
For delayed-matching-to-sample experiments, bees are first presented with a sample stimulus and then second with a choice of stimuli, one of which is the sample stimulus and is reinforced with an appetitive reward. During training, the sample is regularly changed so that to solve the task bees must learn the rule to choose the 'shown' sample in the second stage. Bees can do this task with novel stimuli, even from different sensory modalities, or can even learn to not choose the sample.
Elemental-type processing
Elemental-type processing is where an animal learns separately about each of the component stimuli that may make up complex visual stimuli.
Hexagon colour units
Hexagon colour space is one current model of bee colour perception that enables the position of colour stimuli to be quantified, visually represented and for colorimetry to be done. Distance from the centre of the colour space to the edge equals unity. This colour space has been calibrated with behavioural experiments where bees choose between colours of different similarities with differing probabilities.
Mushroom body
The mushroom body is a part of the bee brain implicated in integration of information from lower level regions of sensory processing.
Retinotopic matching
Retinotopic matching is a rigid model of visual processing where a stimulus image is represented as a coincidence of elemental cues behind the retina to correspond to the exact or photographic layout of learned stimuli.
Rule learning
In rule learning, the animal learns to use information about the relationship between elemental components, not the elements themselves. Rules can be easily transferred to novel stimuli that preserve the learned relationship.
Spatial energy distribution
Spatial energy distribution is the relative distribution of low-, medium-and high-frequency spatial patterns (e.g. gratings) within a stimulus.
Transfer test
A transfer test is conducted following a learning phase (e.g. see absolute-differential conditioning described above) such that a trained bee is presented with novel transfer stimuli to dissect the mechanisms mediating visual perception.
